The pharmacological profile of opioid-binding sites in zebrafish brain homogenates has been studied using radiolabeled binding techniques. The nonselective antagonist [ Our results provide evidence that, although the selective synthetic compounds for mammalian receptors do not fully recognize the opioid-binding sites in zebrafish brain, the activity of the endogenous zebrafish opioid system might not significantly differ from that displayed by the mammalian opioid system. Hence, the study of zebrafish opioid activity may contribute to an understanding of endogenous opioid systems in higher vertebrates.
Our results provide evidence that, although the selective synthetic compounds for mammalian receptors do not fully recognize the opioid-binding sites in zebrafish brain, the activity of the endogenous zebrafish opioid system might not significantly differ from that displayed by the mammalian opioid system. Hence, the study of zebrafish opioid activity may contribute to an understanding of endogenous opioid systems in higher vertebrates.
The study of the molecular mechanisms of the opioid system related to pain and drug addiction has been analyzed on countless occasions for more than 40 years, but there are some features that still remain unclear. An approach to the problem of understanding why opioid drugs can cause tolerance and dependence is to develop and use new animal models that would provide findings that could be extrapolated to higher vertebrates and ultimately to humans. The zebrafish has been widely and successfully used in molecular and developmental biology (Ingham, 1997; Fishman, 2001; Golling et al., 2002; Pichler et al., 2003) , and it also has been proved as a valid model to study the effects of some drugs of abuse, such as cocaine (Darland and Dowling, 2001 ) and ethanol (Dlugos and Rabin, 2003) . Our group has studied the zebrafish opioid system, and we have characterized several receptors Rodriguez et al., 2000) and five opioid propeptide genes (Gonzá lez-Nú ñ ez et al., 2003a,b,c) so far. Our previous results indicate that the zebrafish receptors as well as the endogenous peptides are similar to their mammalian homologues, thus indicating that the opioid system has been well conserved throughout the evolution of vertebrates. Hence, we propose the zebrafish as an organism where the study of the opioid system and its interactions with different drugs can be easily evaluated in basic research and that the results can be applied to the mammalian opioid system. However, to standardize the use of the zebrafish in opioid research, it is necessary to study the binding characteristics of different opioid ligands in this organism. Given that the action of a drug on the brain is usually due to its interactions with different tissue-specific structures, we believe that it is important to analyze the pharmacological profile of opioids using zebrafish brain homogenates in addition to opioid receptors in heterologous expression systems.
In this work, we present a pharmacological characterization of the opioid-binding sites in zebrafish brain homogenates using radioligand binding techniques with drugs that are commonly used to label opioid-binding sites in mammalian brain, such as the nonselective antagonist diprenorphine and the nonselective agonist/antagonist bremazocine. The binding ability of other nonlabeled drugs has been evaluated by means of competition binding assays using [
3 H]diprenorphine as the tritiated ligand. The results that we present here give new insight on the pharmacological profile of the opioid system in zebrafish. 3 H]bremazocine (30 Ci/mmol) for 1 h at 25°C in a final volume of 250 l, using 10 M naloxone (SigmaAldrich) to determine nonspecific binding. After incubation, 4 ml of ice-cold assay buffer was added, and the mixture was rapidly filtrated using a cell harvester (Brandel Inc., Gaithersburg, MD) and washed twice on GF/B glass-fiber filters that were presoaked with 0.2% polyethylenimine for at least 1 h. The filters were placed in scintillation vials and incubated overnight at room temperature in scintillation liquid (EcoScint A, London, UK), and radioactivity was counted using a Beckman Coulter scintillation counter (Fullerton, CA). All experiments were performed in duplicate and repeated several times.
Materials and Methods

Drugs and
Competition Binding Assays. Reactions were performed as described above, with the exception that the radioligand [
3 H]diprenorphine was used at a working concentration similar to the K D (in the nanomolar range) and that the experiments were incubated for 1 h at 25°C in a final volume of 500 l. [ 3 H]Diprenorphine was displaced by several unlabeled compounds at a concentration range from 0.3 nM to 10 M. All experiments were performed in duplicate and repeated several times.
Data Analysis. Specific binding was defined as the difference between total binding and nonspecific binding (measured in presence of 10 M naloxone). Data were analyzed using the Prism software (GraphPad Software Inc., San Diego, CA), and affinity constant (K D ), receptor density (B max ), and inhibition constant (K i ) values for each ligand were obtained. In the case of the K i values, they were calculated by means of the GraphPad software, using the correction of Cheng-Prusoff, which corrects for the concentration of radioligand used in each experiment as well as the affinity of the radioligand for its binding site (K D ). In all cases, data were fit to the one-site or two-site binding model. In saturation binding assays, data were fit to either nonlinear function and to the linear transformation (Scatchard plot: bound/free versus bound), whereas in competition binding assays, data were fit to the one-site and two-site competition models and compared by using the nonlinear least-squares curve fitting, which is based upon a statistical F-test.
Results
Saturation Binding Assays in Zebrafish Brain Membranes. The ability of [
3 H]diprenorphine to bind opioid receptors was measured by using increasing concentrations of this radioligand in zebrafish brain homogenates. The experimental data show specific and saturable binding with a K D ϭ 0.26 Ϯ 0.08 nM and a B max ϭ 212 Ϯ 14.3 fmol/mg protein (Fig. 1a) that is displaced by naloxone, thus confirming the opioid nature of these sites. Nevertheless, analysis done with the curve-fitting program GraphPad reveals that our experimental data fit better to a two-site binding model, displaying one high-affinity site with a K D1 ϭ 0.08 Ϯ 0.02 nM and a B max1 ϭ 120 Ϯ 11 fmol/mg protein and one low-affinity site with a K D2 ϭ 17.8 Ϯ 9.18 nM and a B max2 ϭ 370 Ϯ 138 fmol/mg protein (F value ϭ 7.158, and p ϭ 0.0045). The nonspecific -␦ agonist/ antagonist [ 3 H]bremazocine, with a benzomorphan structure, was also used in saturation binding assays (Fig. 1b) (Fig. 2, a and b ; Table 1 ). The synthetic antagonist naloxone, the exogenous agonist morphine, the ␦-agonist BW373U86, and the endogenous opioid peptide dynorphin A were able to displace all of the specifically bound [ 3 H]diprenorphine, with a Hill slope not statistically different from Ϫ1. In contrast, other peptidic ligands such as the enkephalins, ␤-endorphin, and the endomorphins could only displace up to 50%, and for this part of the displacement curve, the Hill slope was also not statistically different from Ϫ1. The synthetic ␦-peptide DPDPE, the synthetic -ligand U69,593, and nociceptin failed to show an effective displacement. In the case of the ligands that were unable to displace all of the specifically bound [
3 H]diprenorphine, we have calculated the K i value for the displaced part of the curve. Our results suggest that, in our system, Met-enkephalin, ␤-endorphin, endomorphin-1, and DAMGO displace that portion of the curve with relatively high affinity, whereas Leu-enkephalin and endomorphin-2 are still poor displacers. 
Discussion
To characterize the opioid-binding sites in zebrafish brain, we have performed saturation binding assays with [
3 H]diprenorphine (Fig. 1a) , an oripavine, nonspecific antagonist that binds to , ␦, and sites with high affinity (Chang et al., 1981; Gillan and Kosterlitz, 1982; Richards and Sadee, 1985) . The K D value obtained for zebrafish brain (0.26 nM) is in the same range as those reported in mammalian and amphibian brain (Chang et al., 1981; Wood and Traynor 1989; Newman et al., 1999) , thus indicating that this ligand labels opioid sites in a very similar manner in different organisms among the evolutionary scale. Nevertheless, the Scatchard transformation obtained by us reveals that our results fit better to a two-site binding model, one high-affinity site and one lowaffinity site, which likely represent the ability of [ 3 H]diprenorphine to recognize different receptor populations in the zebrafish brain, unlike the mammalian system where diprenorphine is considered a nonselective opioid antagonist ligand. Besides, previous reports have described the presence of two binding sites for opioid ligands in frog brain using [ 3 H]naloxone (Simon et al., 1984 using Rana esculenta) 3 H]diprenorphine may show differential binding. This was unexpected, because both of these ligands are nonselective at mammalian opioid receptors and label a similar number of receptors in mammalian tissues. Nevertheless, it has been previously pointed out that bremazocine labels additional opioid-binding sites (Tiberi and Magnan, 1990) that cannot be explained in the terms of classical pharmacological -, ␦-, or -sites or opioid receptor-like-binding sites (Clarke et al., 2002) . Furthermore, some authors maintain that different types of ligands can label differentially the opioid-binding sites, such as arylacetamides and benzomorphans on the -receptor (Benyhe et al., 1992; Rusovici et al., 2004) , and that these differences in binding can stand for different affinity states of the same receptor (Rusovici et al., 2004) . This may relate to the differences observed here, because the 3 H]U69,593 were unable to display saturable binding in zebrafish brain can be explained if we assume that the highly selective agonists for mammalian receptors might not be effective in lower vertebrates. Previous studies of our group have shown that DPDPE binds very poorly to the cloned ␦-like zebrafish opioid receptor ZFOR1 . Similarly, in a study of a -receptor cloned from the teleost Catostomus commersoni, the -agonist DAMGO was only able to poorly and incompletely displace the antagonist [ 3 H]naloxone, although some degree of saturable binding with [ 3 H]DAMGO was observed (Darlison et al.,1997) . In a prior study by Newman et al. (2002) ,593 could bind to the receptors present in frog brain but with lower affinities than those reported for mammalian receptors. However, nanomolar saturable binding was still obtained for these ligands, hence suggesting differences between the amphibian and evolutionary earlier fish receptors. Some authors have described previously that there are mainly 2 -sites in guinea pig cerebellum (Tiberi and Magnan, 1990) and in frog brain (Rana esculenta) because of the weak competition ability of DADLE and DAMGO and the highaffinity bremazocine (Benyhe et al., 1992) . This can also be the case in zebrafish brain. Nevertheless, it also should be considered that [ 3 H]bremazocine-binding sites can be a mixture of -, ␦-, and -sites that cannot be resolved in the classical pharmacological terms.
To analyze the binding ability of nonlabeled opioid ligands, competition binding assays with [
3 H]diprenorphine were performed. The fact that naloxone (a synthetic antagonist), dynorphin A (an endogenous opioid peptide), and morphine (an exogenous agonist) were able to displace all of the specifically bound [ 3 H]diprenorphine indicates that the sites recognized by [ 3 H]diprenorphine are truly opioid sites as defined by studies in mammalian brain. Furthermore, taking into consideration that dynorphin A can act as an endogenous ligand of the three cloned opioid receptors in mammals (Zhang et al., 1998) , the fact that this peptide is an effective displacer in zebrafish brain homogenates may indicate that this property has been conserved throughout the vertebrate evolution. Besides, the ␦-selective nonpeptidic ligand BW373U86 also proved to be an effective displacer of [ 3 H]diprenorphine binding, in agreement with our previous work on the ␦-receptor cloned from zebrafish . The fact that nociceptin does not displace [
3 H]diprenorphine binding indicates that there is no neurotransmitter cross-talk between opioid and nociceptin systems.
On the other hand, the synthetic, selective compounds for mammalian opioid receptors DPDPE and U69,593 failed to show an effective displacement, thus confirming the saturation binding results. In the case of DAMGO, this compound was able to poorly displace the [ 3 H]diprenorphine and several unlabeled ligands using zebrafish brain homogenates. a, competition assays with ligands that are good displacers and thus the displacement curve covers from 100 to 0% of the specific binding. b, competition binding assays with ligands that cannot effectively displace all of the specifically bound [
3 H]diprenorphine; note that the y-axis only reaches 50% of the specific binding. In all cases, 10 M naloxone was used to determine nonspecific binding. Data points are from a single representative experiment of three independent experiments performed in duplicate. f, naloxone; OE, morphine; , dynorphin A; ࡗ, Met-enkephalin; F, Leu-enkephalin; ‫,ء‬ DAMGO. a In the case of the ligands that are unable to displace all of the specifically bound ͓ 3 H͔diprenorphine, the K i is calculated using only the portion of the curve that shows ͓ 3 H͔diprenorphine displacement, this is, taking as "bottom" the maximal displacement at a concentration of 10 M of the unlabeled ligand.
b Percentage of displacement of ͓ 3 H͔diprenorphine shown at a concentration of 10 M of the unlabeled ligand.
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at ASPET Journals on April 4, 2017 jpet.aspetjournals.org unlabeled DAMGO. Thus, this explains why it is very difficult to see any binding with saturation binding assays, where typically concentrations of only up to 20 nM are commonly used. In contrast, sites labeled by [ 3 H]diprenorphine are able to be recognized by ligands with reduced selectivity (approximately 10-fold or less) for mammalian opioid receptors such as naloxone ( Ͼ Ͼ ␦), diprenorphine ( ϭ ϭ ␦), bremazocine ( ϭ ϭ ␦), morphine ( Ͼ ϭ ␦), and dynorphin 1 to 17 ( Ͼ ϭ ␦) (Toll et al., 1998) .
Although the endogenous ligand dynorphin A displaced all of the [ 3 H]diprenorphine binding with good affinity, the other endogenous opioid peptides, Met-and Leu-enkephalin ( ϭ ␦ ), proved to displace ϳ50% [ 3 H]diprenorphine binding, a fact that may relate to their very poor recognition of the mammalian -opioid receptor. Similar results were obtained with the endogenous peptidic agents ␤-endorphin and the endomorphins. It was also notable the differences in the K i values for Met-and Leu-enkephalin, two similar peptidic ligands that only differ from each other in one residue.
In conclusion, our study of the opioid-binding sites in zebrafish brain shows that, in effect, there are binding sites in zebrafish brain that can be classified as opioid, because the main characteristics of the opioid binding, such as saturation binding using nonspecific ligands, naloxone displacement, and the action of morphine and endogenous opioid peptides, are present in zebrafish brain homogenates. However, selective opioid ligands for mammalian opioid receptors are not well recognized. In fact, Stevens and Newman (1999) showed that highly selective opioid antagonists did not exhibit selectivity in blocking the analgesic effects of selective opioids in a behavioral assay in frogs. These findings support the idea that the mammalian opioid binding pocket is not fully conserved throughout evolution. Furthermore, bioinformatic analysis comparing the -, ␦-, and -like opioid receptors clones in zebrafish and amphibians to mammalian orthologs shows that the similarity among these receptors is greater in earlier evolved vertebrates compared with humans (Stevens, 2004) . Hence, before the zebrafish can be used as a straightforward model to study the complex activity of opioids in higher vertebrates, as humans and other mammalian systems, further work is necessary to accurately characterize how the individual zebrafish opioid receptors differ from their mammalian counterparts.
